Introduction

Brief introduction of cosmic dark matter
The cosmic dark matter (DM) is an unknown matter which does not emit nor absorb any photon. There are many evidences for DM by various cosmological observations. The first evidence for DM was addressed by observing the motion of galactic clusters [1] . The existence of the invisible mass in our galaxy was also reported [2] . The ratio of the kinetic mass of the galaxy to the luminous mass of the galaxy gives an evidence of invisible matter. The luminous mass is determined by the total luminosity by stars and gas in the galaxy. The kinetic mass is determined by observing the rotation speed of the galaxy. The distribution of rotation speed in galaxies are shown in Fig.1 . The large amount of invisible mass distribution far from the galactic center was concluded by the flat behavior of the rotation speed.
The indirect evidence for invisible mass was given by the observation of the cosmic microwave background (CMB). CMB is the afterglow of the Big Bang which were emitted after 400,000 years after the beginning of the Universe. The initial temperature of the CMB corresponds to the recombination epoch of the Universe, about 3000 K. The Figure 1 : Rotation curve for several galaxies. The solid line is the rotation curve of our galaxy [2] .
wavelength of the CMB was stretched by the expansion of the Universe to the present temperature which corresponds to 2.726 K. The small deviation of the wavelength corresponds to the fluctuation of the density of matter in the region of the Universe. The dense regions in the early Universe evolved to the structures that we see today; galaxies, clusters and superclusters. The angular size of the fluctuation gives the important information on the structure of the Universe because the size depends on the curvature of the space between the emission point and the observer.
The Planck observed the CMB structure with the high angular resolution [3] . The Planck data determine the cosmological parameters to high precision from the CMB. The density parameter Ω of the Universe and the Hubble constant H 0 are listed below.
Where Ω b , Ω c and Ω Λ are density parameters of baryon, cold dark matter (CDM) and cosmological constant, respectively. h ≡ H 0 /(100 km/sec/Mpc) is the Hubble parameter. The composition of the Universe cannot be dominated by baryons that we usually observe in the Universe. Other component are unknown dark matter and unknown dark energy. 
Candidates for cosmic dark matter and their signal
The dark matter is supposed to be unknown elementary particles that are proposed by the theories beyond the standard theory of elementary particles. From the view point of cosmology, the main component of dark matter is supposed to be a non-relativistic particle which was decoupled from a cosmic radiation after the Universe became cold. These particle is called the cold dark matter (CDM) and plays an important role in creating a large scale structure of the Universe. There is, on the other hand, hot dark matter (HDM) which was decoupled from a cosmic radiation during the Universe was hot. Since the HDM particles travels with relativistic speed, they destroy the large scale structure. Consequently, the HDM cannot be a main component of the dark matter. The candidates for CDM particles are axion and WIMPs (Weakly Interacting Massive Particles). The KamLAND-PICO project is suitable for the detection of both axion and WIMPs. In the present paper, we focus on the detection of WIMPs.
WIMPs are the weakly interacting massive particles whose mass is expected to between 10 GeV/c 2 and 1000 GeV/c 2 where c is the speed of light. The cross section of WIMPsnucleus interaction is classified into three types, spin-independent (SI), spin-dependent (SD) and nuclear excitation (EX) [4] . The cross section dependence are briefly given as,
Where A is mass number of the target nucleus. The signal for WIMPs in a radiation detector is given by a nuclear recoil by elastic or inelastic scattering. The energy spectrum of recoil nucleus observed in a detector is given by [6] dR
where, R 0 is the total event rate of WIMPs-nucleus elastic scattering, f is the quenhing factor of detector response and |F (q)| 2 is the form factor. 2 and m N is the mass of target nucleus.
The electron equivalent energy E ee is the observed energy which is calibrated by electron scattering. The nuclear recoil energy E R is the kinetic energy of recoil nucleus. The quenching factor for nuclear recoil f is the important factor to estimate the energy spectrum of WIMPs. The detector response in a scintillator and semiconductor by nuclear recoil is much smaller than the one by electron with the same kinetic energy. A nuclear recoil gives only a small fraction of its kinetic energy to scintillation and ionization processes. The quenching factor f is determined by the ratio of the scintillation output by nuclear recoil (N nr ) to the one by electron (N e ) with the same kinetic energy [7] as
The values for various detectors were measured by neutron scattering [8, 9, 10] . The energy threshold of the detector must be as low as possible to observe the WIMPs signal efficiently.
Present status of WIMPs search in the world
Many groups in the world are applying various types detector to search for WIMPs.
The major experimental groups in the world are listed in table 1. CDMS, CoGeNT and EDELWESS reported the signal for light WIMPs whose mass was around 10 GeV/c 2 . The oldest report on the candidate signal for WIMPs was given by DAMA/LIBRA [24] . They continuously observed an annual modulating signal for 13 annual cycles with more than 8σ significance. They excluded another candidates causing the modulating signal such as fluctuation of background and electronics. However, the allowed regions of the mass and cross section of WIMPs do not agree with each other and all the region of expected WIMPs signal has been ruled out by the experiments by using Xe. The situation of WIMPs search is now confusing.
Many groups have been applying a NaI(Tl) scintillator to search for dark matter. However, the sensitivities given by the groups does not compare to the one given by DAMA/LIBRA because their sensitivities are suffering from the impurity of NaI(Tl) crystal. The densities of radioactive impurity in the NaI(Tl) applied by DAMA/LIBRA were 0.7∼10 ppt for U-chain, 0.5∼0.7 ppt for Th-chain, 5∼30 µBq/kg for 210 Pb and 20 ppb for potassium [25] . The competing purity is needed to verify the annual modulating signal reported by DAMA/LIBRA.
Outline of KamLAND-PICO project
KamLAND-PICO aims to search for cosmic dark matter by means of highly radiopure NaI(Tl) scintillator which is installed into KamLAND. KamLAND is the neutrino and anti-neutrino detector using the largest and highly radiopure liquid scintillator (LS). The detector is placed in Kamioka underground observatory. The 1000 ton of ultra pure LS is contained in a 13 m diameter spherical balloon made of 135 µm thick nylon/EVOH (ethylene vinyl alcohol copolymer) composite film [26] . 1325 modules of 17 inch diameter photomultiplier tubes (PMTs) and 554 module of 20 inch diameter PMTs are installed on 18 m diameter stainless steel vessel. The space between the stainless vessel and the LS balloon is filled with an ultra pure buffer oil.
The KamLAND detector system is the ideal active shield for the WIMPs detector. The mineral oil acts as a neutron moderator for fast neutron which gives fake event of WIMPs signal. The central LS has a good sensitivity to fast neutron, furthermore, it has an enough volume to absorb all the γ ray background.
The PICO-LON detector consists of NaI(Tl) crystal. The NaI(Tl) scintillator has great advantages to search for WIMPs because of the reasons below. i) 127 I is sensitive to SI type WIMPs because it has a large mass number. ii) Both 23 Na and 127 I are sensitive to SD type WIMPs because they have finite nuclear spins. iii) 127 I is sensitive to nuclear excitation by SD type WIMPs because it has a low lying excited state (E X = 57.6 keV). iv) Both 23 Na and 127 I are contained in NaI with 100% abundance. v) A large volume NaI(Tl) detector is developed with low cost.
The final version of PICO-LON detector consists about thirty thousand plates of thin NaI(Tl) crystal whose dimension is 15×15×0.1 cm 3 and total mass is 1 ton. PICO-LON detector system has a good sensitivity to all the types of interaction. Especially, the coincidence measurement of 57.6 keV γ ray and nuclear recoil enlarges the signal-to-noise ratio. The thickness of the NaI(Tl) has been optimized to perform coincidence detection of 57.6 keV γ ray and nuclear recoil. The successful development of thin and wide area NaI(Tl) scintillator was already reported by previous papers [27, 28] .
The development of an extremely high purity NaI(Tl) crystal is needed to push forward the KamLAND-PICO project. The first phase of KamLAND-PICO aims to purify the NaI(Tl) crystal and develop a large volume NaI(Tl) scintillator system to find a WIMPs signal.
5
4 Development of pure NaI(Tl) crystal
Required purity for WIMPs search
The sensitivity to WIMPs is suffered from radioactive impurities contained in a NaI(Tl) crystal. The following radioactive impurities must be reduced to their required concentrations in order to ensure the sensitivity to WIMPs. The concentration of U-chain and Th-chain impurities must be lower than 1 ppt because their progeny emit many β rays and γ rays. The potassium impurity must be lower than 20 ppb.
The most important task to improve the sensitivity is to reduce the concentration of 210 Pb and its concentration must be lower than 100 µBq/kg. A γ ray whose energy is 46.5 keV and a β ray whose maximum energy is 17 keV are simultaneously emitted (see Fig.2 ). Since these radiations makes a similar event to the inelastic excitation of 127 I, the 210 Pb reduces the sensitivity when the energy resolution of NaI(Tl) is worth than 30 % at 60 keV in full-width at half-maximum. The progeny 210 Bi also reduces the sensitivity by emitting a β ray whose maximum energy is 1162 keV and bremsstrahlung radiations.
Purification of NaI(Tl) crystal
It is difficult to reduce the concentration of 210 Pb because its half life is four orders of magnitude shorter than that of 238 U. Because of the short half life, the number density of 210 Pb ion corresponding to 100µBq/kg is as small as 1 × 10 5 /kg. The 210 Pb was contaminated during drying process since the concentration of 210 Pb was much larger than that of 226 Ra in our previous NaI(Tl) crystal. A significant amount of 210 Pb is mixed into NaI(Tl) powder by dried air even if it contains a small density of 222 Rn. The 210 Pb contained in a purchased NaI(Tl) powder was removed by using an ionexchange resin. The treated solution was dried by rotary evaporator. The vacuum of the evaporator was broken by supplying pure nitrogen gas. The air of the workshop was filtered by a HEPA filter 48 hours before the treatment and the filter was continuously operated. The dried powder was filled in a highly pure crucible whose diameter was 15 cm. The Bridgman method was applied to grow a NaI(Tl) crystal. The crystal was ground and polished to 3 inchφ×3 inch cylinder and put into an aluminum housing. One end of NaI(Tl) crystal was contacted with a Pyrex light guide and the other surfaces were covered with a PTFE reflector.
Measurement of U and Th contamination
The U chain and Th chain impurities were measured by applying the pulse shape discrimination (PSD) method [25, 30] . Measuring alpha rays ensures the precise determination of radioactivity in the NaI(Tl) crystal because its range is short enough. The alpha rays and beta/gamma rays were distinguished by the decay constant of the scintillation pulses. The decay constant of NaI(Tl) of alpha ray event is 190 nsec and that of beta/gamma ray is 230 nsec.
A simple PSD method was constructed as described below. A current output of photomultiplier tube (PMT) was divided into three routes by a simple signal divider. The first signal was input into a discriminator to make a charge integrating analog-todigital converter (CSADC) gate whose duration was 1 µsec. The second one was input into the CSADC through 200 nsec cable delay. The last one was input into a CSADC directly. The timing of a gate signal for CSADC was optimized for the linear signal input through 200 nsec cable delay. The linear signal which was input directly into CSADC was integrated 200 nsec after the signal started. The pulse shape difference was calculated by the ratio defined as Ratio ≡ 
Where I 0 and τ are the initial current and the decay constant of signal, respectively. The factor D is an attenuation factor due to 200 nsec delay cable. A conceptual drawing of extracting alpha ray events from a large number of background events is shown in In the right panel of Fig.3 , the energy spectrum of the extracted alpha ray events is shown. The data was accumulated for the live time of 26.7 days×1.25 kg by ingot 23. The densities of contamination in ingots 23 and 24 were the same as each other. Three prominent peaks are the alpha rays emitted by the progeny of 226 Ra, i.e. 226 Ra (E α = 4.784 MeV), 222 Ra (E α = 5.489 MeV) and 218 Po (E α = 6.002 MeV). A small peak at 7.7 MeV is the one emitted by 214 Po (E α = 7.687 MeV). The intensity of 214 Po is smaller than the other peaks because its half life is so short as 164 µsec that the data acquisition system cannot take all the event.
The yields of each peak were calculated by peak fitting with a Gaussian and linear function. From the result of the fitting, the concentrations of radioactivity were obtained as, 226 Ra 105 ± 17 µBq/kg 222 Rn 108 ± 17 µBq/kg 218 Po 100 ± 14 µBq/kg.
The concentrations of three isotopes agrees with the secular equilibrium in radioactivity. The other isotopes of U chain and Th chain made no distinct peaks because of the poor energy resolution and the small contamination. The radioactivity of all Th chain progeny was assumed to be same because their half lives are sufficiently short. On the other hand, the U chain is terminated in five segments by isotopes with long half lives as shown below.
The radioactivity of the isotopes in each segment were assumed to be same. The yield of the continuous component is the sum of alpha rays whose energies are close to each other. The yields of neighboring alpha rays were obtained the events in the energy region set by the energies and the energy resolutions of the alpha rays. The energy regions and the yields are listed in table 2. The radioactivity of 216 Po was easily calculated by Gaussian fit. The radioactivity of the progeny of U chain are derived by subtracting the yield of 
Where, the intensity of 218 Po was consistent with the one derived by curve fitting.
Discussion
In the present work, reduction of U chain and Th chain contamination was successfully performed. The results of purification of NaI(Tl) by the world leading groups are listed in table 3. The purity of the NaI(Tl) developed by this work reached the same level 210 Pb which is comparable to that of DAMA/LIBRA. The effectiveness of resin to reduce a small density of lead ion was successfully verified.
The expected background was simulated by Geant 4.10 [31] with the known radioactive impurities in the NaI(Tl) crystal and the surrounding materials. The expected rate at 1 keV in electron equivalent energy was as small as 0.5 /day/keV/kg. The expected sensitivity to WIMPs candidates is drawn in Fig.4 . The red solid line shows the expected sensitivity by 1 ton of our NaI(Tl) for one year. The KamLAND-PICO project it seems unlikely that the considered can explain the ce of events is indicated. form of coherently scattere with suitable properties. ckground contributions are n of the overall background ertainties in modeling these r the next run of CRESST is interesting to study the would be compatible with s the location of the two WN )-plane, together with ns derived as described in e been calculated with reaximum M1. We note that h our observation are con- Fig. 13 . The WIMP parameter space compatible with the CRESST results discussed here, using the background model described in the text, together with the exclusion limits from CDMS-II [12] , XENON100 [13] , and EDELWEISS-II [14] , as well as the CRESST limit obtained in an earlier run [1] . Additionally, we show the 90% confidence regions favored by CoGeNT [15] and DAMA/LIBRA [16] (without and with ion channeling). The CRESST contours have been calculated with respect to the global likelihood maximum M1.
earlier run [1] , but in considerable tension with the limits published by the CDMS-II [12] and XENON100 [13] experiments. The parameter regions compatible with the observation of DAMA/LIBRA (regions taken from [16] ) and CoGeNT [15] are located somewhat outside the CRESST region.
Future Developments
Several detector improvements aimed at a reduction of the overall background level are currently being implemented. The most important one addresses the reduction of the alpha and lead recoil backgrounds. The bronze clamps holding the target crystal were identified as the source of these two types of backgrounds. They will be replaced by clamps with a substantially lower level of contamination. A significant reduction of this background would evidently reduce the overall uncertainties of our background models and allow for a much more reliable identification of the properties of a possible signal.
Another modification addresses the neutron background. An additional layer of polyethylene shielding (PE), installed inside the vacuum can of the cryostat, will complement the present neutron PE shielding which is located outside the lead and copper shieldings.
The last background discussed in this work is the leakage from the e/ -band. Most of these background events are due to internal contaminations of the target crystals so that the search for alternative, cleaner materials and/or production procedures is of high importance. The material ZnWO , already tested in this run, is a promising Figure 4 : The expected sensitivity for spin-independent WIMPs. The original sensitivity plot was drawn by CRESST-II [15] using 1 ton of NaI(Tl) quickly verify not only the annual modulating signal reported by DAMA/LIBRA but also the candidates for light WIMPs signal reported by other groups.
